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Abstract
We study the effect of a finite sample size, beam divergence and detector thick-
ness on the resolution function of a MIEZE spectrometer. We provide a trans-
parent analytical framework which can be used to determine the optimal trade-
off between incoming flux and time-resolution for a given experimental config-
uration. The key result of our approach is that the usual limiting factor of
MIEZE spectroscopy, namely neutron path length differences throughout the
instrument, can be suppressed up to relatively large momentum transfers by
using a proper small-angle (SANS) geometry. Under such configuration, the
hitherto accepted limits of MIEZE spectroscopy in terms of time-resolution are
pushed upwards by typically an order of magnitude, giving access to most of
the topical fields in soft- and hard-condensed matter physics.
A majority of scientific advances are driven by technical development and the
topics covered by neutron spectroscopy do not escape this paradigm. Constant
efforts aiming at an improvement of momentum (space) or energy (time) res-
olution are crucial for addressing modern issues in soft- and hard-condensed
matter physics. To date, the technique offering the finest energy resolution is
Neutron Spin Echo (NSE) spectroscopy which allows studying slow processes
(i.e. with characteristic times approaching the µs range), provided that the
carefully manipulated beam polarization is not degraded by the sample or its
environment [1]. Here we consider a derivative of NSE, the so-called MIEZE
technique, where all spin manipulations are performed upstream of the sample
position. At equivalent technical resolution, MIEZE is potentially more versatile
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than NSE since it works with any kind of samples (e.g. hydrogen-containing
systems [2], multi-domain ferromagnets [3], etc.) and under extreme condi-
tions (e.g. large magnetic fields [4]). On the downside, being a time-of-flight
technique, the efficiency of the method is limited towards high resolution by de-
viations from the optimal neutron flight path across the setup. Here, we show
that these limitations can be drastically softened by using MIEZE in a small-
angle (SANS) configuration. Our findings clearly pledge for the construction
of a dedicated MIEZE-SANS instrument. Its performances can be quantified
using the analytical framework developed in this paper.
1. Principles and limits of MIEZE spectroscopy
In the late eighties, R. Golub and R. Ga¨hler have proposed an alternative
design to solenoid-based NSE spectrometers, relying on the use of compact
radio-frequency spin flippers (RFSF) and hence termed Neutron Resonance Spin
Echo (NRSE) [6]. NRSE is now available at different instruments throughout
the world (MUSES [7] at LLB-Saclay and IN22-ZETA [8] at ILL-Grenoble in
France, RESEDA [9] and TRISP [10] at MLZ-Garching, V2-FLEXX [11] at
BER II-Berlin in Germany, VIN ROSE [12] at J-PARC/MLF in Japan) and has
opened new experimental perspectives by pushing the usual resolution limits
of inelastic scattering [13–15] and diffraction [16, 17]. As noticed in the early
stages of the development of NRSE, series of resonant neutron spin flips can
used as building blocks for alternative spectroscopic methods, in analogy with
pulse sequences employed in nuclear magnetic resonance (NMR). MIEZE is an
elegant application of this idea [18]. A sketch of a typical MIEZE setup is
shown in Fig. 1. It consists in a pair of RFSFs separated by a distance L1 and
operated at angular frequencies ω1 and ω2 6= ω1, respectively. At a distance
L2 downstream of the second RFSF, where we choose to place a time-resolved
detector, the spin phase of a neutron reads [19]
ϕD = ωM · tD +
2
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Figure 1: (a) Sketch of a typical MIEZE setup. Along their flight path (from left to right),
neutrons are first spin polarized (P) and manipulated by a sequence of two RFSF operated
at field frequencies ω1 and ω2 6= ω1, respectively. Neutrons’ spin are then analyzed (A),
before being scattered by a sample (S) and detected by a time-resolved (ToF) detector (D).
Inset: Superposition of a static field ~BS and radio-frequency field ~BRF as produced by the
RFSF. ~BRF is rotating in the plane perpendicular to ~BS at an angular frequency ω = γn| ~BS|,
where γn = 2π · 2.916 kHz·G−1 is the neutron gyromagnetic ratio. (b) Energy diagram of a
neutron wave packet traveling across the MIEZE setup [5]. The initial wave function is split
into two components with opposite spin, as quantified along the static field z-direction. This
results in an energy difference ∆E = 2h¯ω1, which is reversed at the second flipper, yielding
∆E = 2h¯(ω2−ω1). The recombination of the neutron wave packet takes place at the detector
where the spin phase is given by Eq. 1.
where ωM = 2(ω2−ω1) is the modulation (or MIEZE) angular frequency, tD
the absolute detection time, v the neutron velocity, L2S the distance between
the second flipper and the sample and LSD the sample-to-detector distance. The
velocity-dependent part of Eq. 1 is canceled by fulfilling the focusing condition
ωM = 2ω2 ·
L1
L1 + L2S + LSD
, (2)
leading to a purely harmonic phase oscillation ϕD(tD) = ωM · tD at the
detector position, even for a coarsely monochromated beam as prepared by
a velocity selector. Placing a spin analyzer (A) between the second RFSF
and the detector (D) transforms the phase oscillation into an intensity mod-
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ulation ID(tD) = I0/2 · {1 + C · cos[ϕD(tD)]}, which can be recorded using a
time-resolved detector and where C is the signal contrast. If the neutron beam
interacts with a sample (S), located between the analyzer and the detector,
the time-dependent intensity will be modified by its dynamics. Indeed, energy
transfers h¯ω will induce a delay ∆tD in the neutron propagation time over the
distance LSD. Averaging this effect over all possible energy transfers yields a
finite contrast
C ∝ 〈cos (ωM∆tD)〉h¯ω < 1 (3)
with ∆tD ≡
mnLSD
h
·∆λ =
m2n
2πh2
LSD λ
3 ω ,
where mn is the neutron mass and h Planck’s constant. Note that the
definition of ∆tD in Eq. 3 is valid in the case of energy transfers which are
centered around h¯ω = 0 and small with respect to the incoming neutron energy
(quasi-elastic scattering). Assuming a ω-symmetric scattering function S(q, ω),
Eq. 3 is equivalent to [20]
C ∝
∫
S(q, ω) cos (ωτ) dω∫
S(q, ω) dω
≡
S(q, τ)
S(q, 0)
(4)
with τ =
m2n
2πh2
ωMLSDλ
3 .
In a MIEZE experiment, in full analogy with NSE spectroscopy, we thus
have access to the intermediate scattering function, probing sample dynamics
over time scales given by the instrumental Fourier time τ , which can reach
several 100 ns. In contrast to usual neutron spectroscopy techniques (three-
axis, time-of-flight or backscattering), this high-resolution is achieved without
drastic loss of intensity since the measured signal does not depend on beam
monochromaticity (Eqs. 1 and 2). More interestingly, the main advantage of
MIEZE is that the measurement is not affected by any depolarizing sample (spin
incoherent scatterers [2], multi-domain ferromagnets [3], etc.) or environment
(e.g. large magnetic fields [4]), as opposed to NSE.
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On the downside, high-resolution can only be reached if no spurious spin
phase shift is introduced in the problem, such a ones due to imperfections of the
spin manipulation devices or to path length differences throughout the setup.
Altogether, this results in an experimental contrast which takes the general form
[21]
C(q, τ) = Rcoils(τ) · Rsample(q, τ) · Rdet(q, τ)︸ ︷︷ ︸
R
·
S(q, τ)
S(q, 0)
, (5)
where the overall reduction factor R has to be properly quantified in order
to correct data and deduce the intrinsic intermediate scattering function.
In practice, an analytical form of Rcoils can not be obtained since it involves
fine details of the field distribution produced by the RFSF. However, the recent
proposal to adopt a longitudinal (instead of the standard transverse) field ge-
ometry for the RFSF [22] allows keeping this term close to 1 in the experimental
limit. This stems from a self-correction of RFSFs field inhomogeneities and a
strongly suppressed field integral variation for divergent flight paths, notably
reducing the current needed in correction (Fresnel) coils with respect to the
NSE case (by a factor 3 at least) [23]. In what follows, we shall work under the
assumption Rcoils = 1, keeping in mind that its actual value has to be measured
before the experiment is performed.
The question of quantifying the reduction factors related to path length
inhomogeneities due to sample size and detector thickness - Rsample and Rdet,
respectively - has first been tackled numerically in [24]. In Refs. [21, 25], the
problem has been further specified by a combination of analytical calculations
and Monte-Carlo simulations.
In this paper, we propose more general expressions for Rsample in the case
of plate-like samples (parallelepipeds or disks), as usually encountered in soft-
matter physics. We treat the case of a parallel incoming beam and the more
realistic situation involving finite beam divergence (Sec. 2). In Sec. 3, we
calculate the Rdet term. Altogether, this allows defining the (q, τ)-range which
is accessible under chosen experimental conditions and establishes MIEZE has
5
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Figure 2: (a) Scattering geometry studied in this paper. A plate-like sample of dimensions
w×t×h (width × thickness × height) scatters neutrons at an angle 2θ towards a ToF detector
located at a distance LSD downstream. As shown, the main source of path length difference
is the sample size, which entails a change in path L2S and LSD. The various configurations
described in the text are shown in (b) (Two-Arms or TA), (c) (Small-Angle or SANS) and
(d) (Sample in reflection geometry).
an interesting counterpart of NSE (Sec. 4). Our findings call for the design of a
MIEZE-SANS spectrometer, allowing to study the structure and ps-µs dynamics
of any kind of large scale objects on a single instrument (Sec. 5).
2. Path length differences due to sample size and beam divergence
Let us consider a scattering configuration as depicted in Fig. 2a. In a first
step, we shall treat the case of a parallel incoming beam where path length
differences with respect to the optical axis read
∆L2 = x−
x · cos θD + y · sin θD
cos (2θ − θD)
, (6)
where x and y are the components of the vector ~r denoting the distance of
an arbitrary scattering point to the center of the sample. This leads to a phase
difference at the detector given by
∆ϕD = 2π
∆L2
Λ
, (7)
where Λ = 2πv/ωM is the distance traveled by a neutron of velocity v over
one period 2π/ωM of the oscillating signal [21]. The contrast reduction factor
6
is obtained by averaging cos (∆ϕD) over all possible neutron-sample interaction
points. We end up with the following reduction factor:
Rsample ≡
∫ t/2
−t/2
∫ w/2
−w/2
cos (∆ϕD) dydx
w · t
= sinc
(
πw
Λ
·
sin θD
cos(2θ − θD)
)
(8)
× sinc
(
πt
Λ
·
[
cos θD
cos(2θ − θD)
− 1
])
,
where we have considered a uniform distribution of x and y. In Eq. 8, sinc
is the cardinal sine function, θ = arcsin
(
λq
4pi
)
is half the scattering angle for a
neutron wavelength λ and a momentum transfer q, while θD is the tilt of the
detector measured from the y-direction of Fig. 2. We note that the sample
height h does not enter the result, as already explained in Ref. [21].
Historically, the first MIEZE setups have been installed on two-arms spec-
trometers [2, 26–28], for which the ToF detector stays perpendicular to the
scattered beam (Fig. 2b). This is most likely the reason why the authors of
Ref. [21] have studied the case where θD = 2θ (in what follows, we shall call
this configuration ’TA’). Evaluating Eq. 8 in the TA configuration yields the
result previously obtained by Brandl et al. [21], namely:
RTAsample = sinc
(πw
Λ
· sin 2θ
)
· sinc
(
πt
Λ
· [cos 2θ − 1]
)
. (9)
However, a quick inspection of Eq. 8 indicates that setting θD = 0 will
cancel its leading w-dependence, i.e.
RSANSsample = sinc
(
tπ
Λ
·
[
1
cos 2θ
− 1
])
. (10)
This results in a much slower decrease of Rsample as a function of 2θ (hence
q) as compared with Eq. 9, since the effect of the largest sample dimension
(i.e. its width w) is canceled. Such configuration shall be referred to as ’SANS’,
since it mimics a standard small-angle neutron scattering setup for which the
position-sensitive detector is perpendicular to the direct beam (Fig. 2c). We
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note that since the SANS configuration allows eliminating the effect of all sample
dimensions parallel to the detector plane, Eq. 10 equally applies to disks or any
shapes for which the thickness t is constant. The path length focusing, or
in other words the parallelism of the sample flat surface with respect to the
detector plane, can be checked by scanning θD and optimizing the recorded
signal contrast (see Fig. 3).
For the sake of completeness, we mention that Refs. [2, 20, 21] have pointed
out that path length differences can be also diminished by placing the sample
in a reflection geometry, i.e. rotating it to an angle θ away from the x-direction
(Fig. 2d), yiedling
RReflectionsample = sinc
(
2πt sin θ
Λ
)
. (11)
However, such configuration is likely to be unpractical, for instance when
samples are placed on a sample changer. Moreover, it entails a loss of usable
flux (proportional to sin θ) such that the SANS configuration should be preferred
in most cases.
For clarity, we postpone to Appendix A the discussion addressing cases
where the sample can neither be positioned with its faces perpendicular to the
incoming beam, nor in reflection geometry. It leads to an expression which
allows recovering Eqs. 9. 10 and 11 and finding the optimal detector tilt angle
in any conceivable configuration.
Turning back to the angular dependence of Eq. 8, we notice that it can
be exploited to estimate the maximum in-plane beam divergence which can be
experimentally tolerated. This is done by expanding the argument of the w-
term in Eq. 8 to second order and averaging the result over the distribution of
angular offsets, modeled by a Gaussian function of full-width at half-maximum
β:
RSANSsample(β) ∼ R
SANS
sample(0) ·
(
1−
π2
12 ln 16
·
w2β2
Λ2 cos2 2θ
)
. (12)
In a typical SANS measurement, the collimation length LC should match
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Figure 3: θD-dependence of Rsample (Eq. 8) for neutron wavelengths λ = 6 and 12 A˚ and
Fourier time τ = 25 and 50 ns, respectively, assuming a momentum transfer q = 0.1 A˚−1
and a sample-to-detector distance LSD = 5 m. We model a sample of dimensions 10 × 2
(w × t) mm2. The optimal Rsample is achieved for θD = 0 in both cases. Arrows denote the
detector tilt for a sub-optimal TA configuration, pointing the advantage of using the SANS
configuration.
the sample-to-detector distance LSD. For slit sizes equal to the sample width
w, β ∼ w/LSD and we get a divergence-induced reduction of Rsample of less
than 1 % for the parameters used in Fig. 3. Taking λ = 12 A˚ and τ = 250
ns, one still gets Rsample(β)/Rsample(0) of the order of 3 %. This clearly leaves
space for increasing the incoming beam divergence (and thus usable neutron
flux) while maintaining high time-resolution, recalling that the associated spin
phase inhomogeneities could also be well-compensated using a longitudinal field
geometry with correction (Fresnel) coils [23].
3. Path length differences due to detector thickness
Another unavoidable source of path length difference is the finite thickness ǫ
of the detector. In practice, it can be made small by using thin 10B conversion
layers but should remain in the 10 µm-range for achieving decent efficiencies.
The corresponding reduction factor is given by .
Rdet = sinc
(
ǫπ
Λ · cos [2θ − θD]
)
, (13)
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Figure 4: Accessible (q, τ)-range (a) for λ = 12 A˚ and (b) for λ = 6 A˚, with a sample-to-
detector distance LSD = 5m, a detector thickness ǫ = 10µm and a sample of dimensions
10 × 2 (w × t) mm2. It is seen that the SANS configuration offers an access to the largest
parameter space as compared with TAS and Reflection geometry. The dip in the SANS curves
stem from the 1/ cos 2θ-dependence of Eq. 13. Only in that q-range, the Reflection geometry
should be preferred.
under the assumption of a constant detection probability across the detector
thickness. In the TA configuration (θD = 2θ), Rdet is constant while it will
decrease upon scattering angle (or q) increase for the SANS case. However, the
cos-term renders this effect negligible in the small-angle limit.
4. Expected performance of a MIEZE-SANS setup
In order to estimate the accessible (q, τ)-range for a quasi-elastic experiment
using a MIEZE spectrometer, we calculate the productR = Rcoils ·Rsample ·Rdet
(Eq. 5), with Rcoils = 1, for series of momentum transfers q as a function of
Fourier time τ in the TA, SANS and Reflection configurations. This allows
defining accessible parameter ranges by tracing the R = 1/3 line, a commonly
employed low-limit in NSE spectroscopy. In Fig. 4, we give the outcome of
such procedure for two representative neutron wavelength (λ = 6 and 12 A˚)
and a sample-to-detector distance LSD = 5 m. The technical upper limit for
τ is calculated using Eq. 5, assuming a maximum RF field angular frequency
ω2 = 2π · 10MHz with L1 = 2 m and L2S = 1.5 m as inputs of Eq. 2. In a
large q-range, we clearly see that the SANS configuration gives access to much
better time-resolution than the TA configuration. Only for momentum transfers
corresponding to scattering angles close to π/2, the reflection configuration is
superior to the SANS one.
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For an objective estimation the viability of the MIEZE technique, it is im-
portant to look for experimental situations which require the most extreme
conditions in terms of momentum transfer and time-resolution. Of all fields
using NSE as a paramount experimental technique, macromolecular physics is
probably the most demanding in terms of accessible (q, τ)-range. This stems
from the fact that the studied objects are usually nanosized, while showing dy-
namics up to the high 100 ns range. We have collected examples from recent
literature on these topics, dealing with protein domain motions [29], polymer-
grafted nano-particles dynamics [30, 31] and hemoglobin diffusion [32]. In order
to check the feasibility of quasi-elastic scattering experiments using the MIEZE
method, we compare the characteristic times τ0 = 1/(Dq
2) (where D is the
measured diffusion coefficient) obtained by classical NSE with the experimental
range covered by MIEZE in a SANS configuration. As seen on Fig. 5, it is
clear that MIEZE can be considered as a fair competitor to classical NSE in
terms of dynamic range. Moreover, we recall that a MIEZE measurement is
not affected by spin incoherent scattering, thus avoiding the recourse to skilful
deuteration schemes. In the case of fully protonated samples and for the same
neutron intensity I0, MIEZE would offer a gain in efficiency of a factor 9 with
respect to NSE considering the standard figure of merit I0 · C
2. In practice, this
number has to be slightly reduced since time-resolved detectors usually have
smaller efficiencies than 3He tubes commonly used on NSE spectrometers.
In Fig. 5, we also report on examples taken from the field of magnetism.
Despite the relatively fast characteristic times, standard NSE experiments are
usually precluded on multi-domain ferromagnets [3] or under magnetic fields
[33, 34], and the literature remains scarce on the topic. Since MIEZE will not
suffer from such experimental conditions, we anticipate that it will play an
important role in the field of magnetism in a near future, for instance in studies
of field-induced quantum criticality and of excitations emerging from topological
defects in ferro- or helimagnets.
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Figure 5: Accessible (q, τ)-range with MIEZE-SANS at various neutron wavelengths, for a
sample-to-detector distance LSD = 5m, a detector thickness ǫ = 10µm and a sample of
dimension 10 × 2 (w× t) mm2 (solid lines). The overlayed symbols represent a series of NSE
results collected from the recent literature. On the large time side, we show typical time-scales
of processes involved in the dynamics of protein domains (red diamonds from [29] ), grafted-
polymers (green triangles from [30] and blue squares from [31]) and hemoglobin (black circles
from [32]). On the short time side, more typical of magnetic systems, we provide examples of
spin fluctuation linewidths as observed at the Curie point in Fe (pink crosses from [3]), as a
function of magnetic field in the chiral magnet MnSi (yellow hexagons from [34]) and due to
soliton dynamics in antiferromagnetic spin chains (brown pentagons from [33]). For the sake
of comparison, we also plot the upper (q, τ) limits of the reference NSE spectrometer IN15
(Institut Laue Langevin, France) operated at wavelengths in the 8-25 A˚ range (black dashed
curve from [1]).
5. Conclusions
We have provided an analytical framework which allows determining the ac-
tual trade-off between intensity and time-resolution of a MIEZE spectrometer.
By means of simple geometrical arguments, we have shown that, in a SANS ge-
ometry, the resolution of MIEZE is fairly competitive with respect to traditional
NSE. Since its performance does not suffer from depolarization by the sample
or its environment, the method thus has the potential to enlarge the field of
high-resolution neutron spectroscopy. We conclude that the implementation of
MIEZE on a traditional polarized SANS instrument could contribute in address-
ing some of the yet unexplored questions in modern soft- and hard-condensed
12
matter physics. On existing two-axis instruments, the time-resolution would
also be drastically improved by simply installing the time-resolved detector on
a rotation stage.
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Appendix A. General expression for the sample reduction factor
Under certain circumstances, for instance when working with oriented sam-
ples [35], it might be impossible to align the sample surface perpendicular to
the incoming beam or in reflection geometry. The corresponding expression for
the sample reduction factor is obtained from Eq. 6 by means of an appropriate
change of variables
Rsample = sinc
(
πt
Λ
·
[
cos θS −
cos (θD − θS)
cos (2θ − θD)
])
× sinc
(
πw
Λ
·
[
sin θS +
sin (θD − θS)
cos (2θ − θD)
])
,
(A.1)
where symbols bear the same meaning as in main text and θS is the sample
tilt angle with respect to the y-direction (see Fig. A.1).
If we seek for the value of θD which maximizes Rsample, meaning that we try
to cancel the arguments of the sinc functions in Eq. A.1, we get
θD = arctan
(
1− cos 2θ
sin 2θ − tan θS
)
(A.2)
and
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θD = arctan
(
tan θS · [1− cos 2θ]
tan θS · sin 2θ + 1
)
(A.3)
for the first and second member, respectively. Clearly, Eqs. A.2 and A.3
can not be simultaneously satisfied. The optimal experimental strategy thus
consists in fulfilling Eq. A.3 in order to suppress the strongest effect, due to the
sample’s width w assumed to be much larger than its thickness t.
t
w
θS
x
y
ω2
2θ
θD
~r~ki
~kf
Figure A.1: Same scattering geometry as considered in main text (Fig. 2), where we allow for
a sample tilt by an angle θS with respect to the y-direction.
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